Raymond Ros 
email: raymond.ros@inria.fr
  
Black-Box Optimization Benchmarking the IPOP-CMA-ES on the Noiseless Testbed Comparison to the BIPOP-CMA-ES

Keywords: G.1.6 [Numerical Analysis]: Optimization-global optimization, unconstrained optimization; F.2.1 [Analysis of Algorithms and Problem Complexity]: Numerical Algorithms and Problems Benchmarking, Black-box optimization, Evolution strategy 1. ALGORITHM PRESENTATION

We benchmark the Covariance Matrix Adaptation-Evolution Strategy (CMA-ES) algorithm with an Increasing POPulation size (IPOP) restart policy on the BBOB noiseless testbed. The IPOP-CMA-ES is compared to the BIPOP-CMA-ES and is shown to perform at best two times faster on multi-modal functions f15 to f19 whereas it does not solve weakly structured functions f22, f23 and f24.

CPU TIMING EXPERIMENT

The complete algorithms were run on f8 for at least 30 seconds. Results for the IPOP-CMA-ES are 1.8; 1.5; 1.3; 1.1; 1.1; 1.5 and 3.4 ×10 -4 seconds per function evaluation for dimension 2; 3; 5; 10; 20; 40 and 80. These figures were obtained on a Intel Core 2 6700 processor (2.66 GHz) with Linux 2.6.28-18 and Matlab R2008a.

RESULTS

The data for BIPOP-CMA-ES were obtained using the BBOB 2009 experimental set-up which differ from that of BBOB 2010 only in the number of test function instances considered (respectively 1 to 5 for BBOB 2009 and 1 to 15 for BBOB 2010) and the number of repetitions on each of these function instances (resp. 3 for BBOB 2009 and 1 for BBOB 2010).

Results from experiments according to [START_REF] Hansen | Real-parameter black-box optimization benchmarking[END_REF] on the benchmark functions given in [START_REF] Finck | Real-parameter black-box optimization benchmarking 2009[END_REF][START_REF] Hansen | Real-parameter black-box optimization benchmarking 2009: Noiseless functions definitions[END_REF] are presented in Figures 1,2, 3 and 4 and in Tables 1 and2. The expected running time (ERT), used in the figures and tables, depends on a given target function value, ft = fopt + ∆f , and is computed over all relevant trials as the number of function evaluations executed during each trial while the best function value did not reach ft, summed over all trials and divided by the number of trials that actually reached ft [START_REF] Hansen | Real-parameter black-box optimization benchmarking[END_REF][START_REF] Price | Differential evolution vs. the functions of the second ICEO[END_REF]. Statistical significance is tested with the rank-sum test for a given target ∆ft (10 -8 in Figure 1) using, for each trial, either the number of needed function evaluations to reach ∆ft (inverted and multiplied by -1), or, if the target was not reached, the best ∆f -value achieved, measured only up to the smallest number of overall function evaluations for any unsuccessful trial under consideration.

Figure 3 shows that the proportion of functions solved by BIPOP-CMA-ES is larger than IPOP-CMA-ES. The most prominent differences between the performances of the two algorithms are in the group of the multi-modal functions (f15 to f19) and that of the weakly structured multi-modal functions (f20 to f24).

The IPOP-CMA-ES is shown to perform faster on functions f7, f13, f15, f16, f17, f18, f19 by a factor of around two at most when the dimension of the search space is larger than 10. The IPOP-CMA-ES solves function f19 but is slower than the BIPOP-CMA-ES in dimension smaller than 5. The IPOP-CMA-ES does not solve functions f22 f23 and f24 when the dimension is larger than 10, whereas the BIPOP-CMA-ES does. The fact that BIPOP-CMA-ES can solve f23 and f24 can be attributed to the small population size management of BIPOP-CMA-ES. Finally, neither the IPOP-CMA-ES nor the BIPOP-CMA-ES solve functions f3 when the dimension of the search space is larger than 10, f4 when the dimension is larger than 3 and f20 when the dimension is larger than 40.
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Figure 1 :

 1 Figure 1: ERT ratio of IPOP-CMA divided by BIPOP-CMA versus log 10 (∆f ) for f1-f24 in 2, 3, 5, 10, 20, 40-D. Ratios < 10 0 indicate an advantage of IPOP-CMA, smaller values are always better. The line gets dashed when for any algorithm the ERT exceeds thrice the median of the trial-wise overall number of fevaluations for the same algorithm on this function. Symbols indicate the best achieved ∆f -value of one algorithm (ERT gets undefined to the right). The dashed line continues as the fraction of successful trials of the other algorithm, where 0 means 0% and the y-axis limits mean 100%, values below zero for IPOP-CMA.The line ends when no algorithm reaches ∆f anymore. The number of successful trials is given, only if it was in {1 . . . 9} for IPOP-CMA (1st number) and non-zero for BIPOP-CMA (2nd number). Results are significant with p = 0.05 for one star and p = 10 -#⋆ otherwise, with Bonferroni correction within each figure.
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 2 Figure 2: Expected running time (ERT in log10 of number of function evaluations) of IPOP-CMA versus BIPOP-CMA for 46 target values ∆f ∈ [10 -8 , 10] in each dimension for functions f1-f24. Markers on the upper or right egde indicate that the target value was never reached by IPOP-CMA or BIPOP-CMA respectively. Markers represent dimension: 2:+, 3:▽, 5:⋆, 10:•, 20:2, 40:3.
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 3 Figure 3: Empirical cumulative distributions (ECDF) of run lengths and speed-up ratios in 5-D (left) and 20-D (right). Left sub-columns: ECDF of the number of function evaluations divided by dimension D (FEvals/D) to reach a target value fopt + ∆f with ∆f = 10 k , where k ∈ {1, -1, -4, -8} is given by the first value in the legend, for IPOP-CMA (solid) and BIPOP-CMA (dashed). Light beige lines show the ECDF of FEvals for target value ∆f = 10 -8 of algorithms benchmarked during BBOB-2009. Right sub-columns: ECDF of FEval ratios of IPOP-CMA divided by BIPOP-CMA, all trial pairs for each function. Pairs where both trials failed are disregarded, pairs where one trial failed are visible in the limits being > 0 or < 1. The legends indicate the number of functions that were solved in at least one trial (IPOP-CMA first).
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 4 Figure 4: ERT loss ratio versus given budget FEvals. The target value ft for ERT is the smallest (best) recorded function value such that ERT(ft) ≤ FEvals for the presented algorithm. Shown is FEvals divided by the respective best ERT(ft) from BBOB-2009 for functions f1-f24 in 5-D and 20-D. Each ERT is multiplied by exp(CrE) correcting for the parameter crafting effort. Line: geometric mean. Box-Whisker error bar: 25-75%-ile with median (box), 10-90%-ile (caps), and minimum and maximum ERT loss ratio (points). The vertical line gives the maximal number of function evaluations in this function subset.

Table 1 :

 1 Expected running time (ERT in number of function evaluations) divided by the best ERT measured during BBOB-2009 (given in the respective first row) for different ∆f values for functions f1-f24. The median number of conducted function evaluations is additionally given in italics, if ERT(10 -7 ) = ∞. #succ is the number of trials that reached the final target fopt + 10 -8 . 0: BIP is BIPOP-CMA and 1: IPO is IPOP-CMA. Bold entries are statistically significantly better compared to the other algorithm, with p = 0.05 or p = 10 -k

Table 2 :

 2 ERT loss ratio (see Figure4) compared to the respective best result from BBOB-2009 for budgets given in the first column. The last row RL US /D gives the number of function evaluations in unsuccessful runs divided by dimension. Shown are the smallest, 10%-ile, 25%-ile, 50%-ile, 75%-ile and 90%-ile value (smaller values are better). ERT Loss ratio is equal to zero if the algorithm considered outperformed all algorithms from BBOB-2009.

				BIPOP-CMA				IPOP-CMA			
		f 1 -f 24 in 5-D, maxFE/D=622854		f 1 -f 24 in 5-D, maxFE/D=274645
	#FEs/D best 10% 25% med 75% 90%	#FEs/D best	10% 25% med 75% 90%
	2	1.4	2.3	3.3	5.3	9.2 10	2	0.80	1.8	3.1	6.1	9.2 10
	10	1.4	1.6	2.7	3.4	4.6 10	10	1.6	1.7	2.7	3.4	4.1 10
	100	1.2	1.5	3.0	6.4	7.9 23	100	0.78	2.1	3.1	6.3	9.2 23
	1e3	1.0	1.0	1.9	4.6	22	44	1e3	0.83	1.1	1.8	4.5	17	42
	1e4	1.0	1.2	1.4	5.1	23	46	1e4	0.94	1.1	1.2	5.4	30	67
	1e5	1.0	1.2	1.3	2.3	15	68	1e5	0.94	1.1	1.2	3.6	25	1.7e2
	1e6	1.0	1.2	1.3	2.8	16	68	1e6	0.94	1.1	1.2	3.6	19	4.4e2
	RLUS/D 3e5	3e5	4e5	4e5	6e5	6e5	RLUS/D 7e4	1e5	2e5	2e5	3e5	3e5
				BIPOP-CMA				IPOP-CMA			
	f 1 -f 24 in 20-D, maxFE/D=605134 #FEs/D best 10% 25% med 75% 90% 2 1.0 1.7 5.5 23 40 40 10 1.0 2.1 4.4 5.0 8.3 1.0e2 100 1.0 1.2 2.3 4.1 11 49 1e3 1.0 1.0 1.2 6.1 22 89 1e4 1.0 1.1 1.6 3.9 44 81 1e5 1.0 1.0 1.1 2.0 22 3.1e2 1e6 1.0 1.0 1.1 1.8 22 3.2e2 1e7 1.0 1.0 1.1 1.8 22 2.7e3 RLUS/D 1e5 1e5 3e5 3e5 3e5 5e5	f 1 -f 24 in 20-D, maxFE/D=261553 #FEs/D best 10% 25% med 75% 90% 2 1.0 1.6 6.6 31 40 40 10 1.2 2.6 4.4 5.0 7.4 1.2e2 100 0.55 1.8 2.5 5.1 16 49 1e3 0.66 1.0 1.2 6.0 34 95 1e4 0.47 1.0 1.1 2.3 56 1.5e2 1e5 0.53 0.94 1.1 3.4 56 3.8e2 1e6 0.42 0.58 1.0 2.3 76 3.8e3 RLUS/D 6e4 6e4 7e4 1e5 1e5 3e5